ABSTRACT. The possibility of using lower hybrid (LH) waves as a source of localized current for the control of MHD instabilities is investigated. A toroidal ray tracing code is used to define the requirements on the launched wave spectrum, in order to drive currents mostly localized inside the magnetic islands. Issues such as the radial diffusion of the non-inductive current, the impact of the radial profile of the power deposition on the stabilization process, the finite time response of the current to RF power modulations and its interplay with the island rotation are addressed by means of a three dimensional (3-D) Fokker-Planck code. It is shown that lower hybrid current drive (LHCD) is a viable option for the control of m = 2 tearing modes in present medium to large tokamaks: the method would be particularly effective in a reactor size machine.
INTRODUCTION
The m = 2 tearing mode is often the precursor of major plasma disruptions, and its stabilization by means of non-inductive current drive is potentially an important application of RF waves for a tokamak reactor [1, 2, ?, 4-9] . It has also been suggested [10, 11] that RF current drive could be used to stabilize neoclassical tearing modes [12] [13] [14] , which are observed in high beta plasmas and which could limit the maximum attainable beta and degrade the energy confinement in a reactor [15, 16] . Stabilization of the m = 2 tearing mode by off-axis electron cyclotron resonance heating has been observed experimentally [17] [18] [19] [20] [21] [22] . The stabilization process is clearly related to the electron heating inside the m = 2, n = 1 magnetic island, and to the associated reduction of the plasma resistivity. It is therefore optimized using feedback techniques, namely modulating the heating power in phase with the island rotation. Non-inductive current drive inside the island is expected to act in the same way, but to be substantially more efficient [1] [2] [3] [4] [5] [6] [7] [8] [9] . Rutherford's theory of the non-linear tearing mode evolution shows that co-current driven at the island O point and counter-current at the X point are stabilizing, the former method being more efficient [3] . Thus, the main requirements of a current drive system appropriate for this function are:
(a) Toroidal, poloidal and radial localization of the power absorption, in order to concentrate the maximum amount of driven current at the island O point.
(b) Capability to fine tune the launched wave spectrum and/or the wave frequency, in order to track the position of the island, possibly in real time, during a discharge.
(c) Ability to drive current off-axis with high efficiency.
The first two requirements naturally indicate electron cyclotron waves as the leading candidate for this function in a reactor. However, the off-axis current drive efficiency of electron cyclotron waves is expected to be low, owing to trapped particle effects [23] , and the scaling of this efficiency with the inverse aspect ratio of the heated flux surface ε = r/R has not yet been investigated experimentally.
In view of this problem, it is interesting to explore the possibility of using lower hybrid (LH) waves, for which the current drive efficiency is weakly affected by trapped electrons, for tearing mode stabilization. This was proposed theoretically several years ago [1] [2] [3] [4] [5] , but never experimentally validated, although inconclusive results, obtained under unfavourable experimental conditions, have been reported [24] . Indeed, it has often been reported that in lower hybrid current drive (LHCD) experiments, the m = 2 mode was destabilized. This has not been because of any unique properties of LH waves that cause destabilization, but rather an indirect result of the experimental requirements to date. So far, LHCD experiments have been designed to drive current efficiently, which necessitates couplers able to launch the highest phase velocity waves compatible with accessibility. This has usually concentrated the RF driven current inside the q = 2 surface, thus steepening the current gradient at the rational surface, which is a way of destabilizing the m = 2 mode [6, 7] . For plasmas with moderate electron temperature, an LHCD feedback stabilization experiment might therefore require a dedicated coupler able to launch slow waves, which are absorbed in the outer region of the plasma.
The main experimental challenge is to be able to locate the maximum amount of RF induced current inside the magnetic islands. The ray trajectory can penetrate inside the islands, since it has been shown [25] that the perturbed magnetic field does not change appreciably the propagation of the LH waves. However, it is practically impossible to rely on multiple passes of the waves through the plasma and n upshift to deposit the wave power at the O point of the island; thus it is necessary to have previous knowledge of the radial location of the island and to damp the RF waves at the first pass. In principle, it is also possible not to depend on knowledge of the radial location and scan the phase of the launched spectrum in order to optimize n . Next, it is necessary to phase the modulation, in order to deposit the RF power inside the island: modulation of tens of kilohertz is well within the capability of any LH system and the driving signal can be obtained from Mirnov coils, beam emission spectroscopy or electron cyclotron emission. A feedback technique similar to that employed on COMPASS [20, 21] can be applied with the requirement that the timing of the modulation should be varied until the m = 2 signal is seen to decrease. It should be noted that, in situations in which the current drive efficiency is too low (owing to the high-n spectrum used), it is possible to increase it by making use of a compound spectrum: one coupler launches a high-n spectrum that establishes a suprathermal tail, while another, launching a lower n ray, increases the efficiency [26] . In this scenario, it might prove convenient to launch the high-n spectrum continuously, in order to keep an electron tail steadily centred around the m = 2 island, and modulate the power launched by the second coupler, in order to maximize the effect at the O point.
MODEL
In this article, the results of a theoretical analysis are presented, aiming at the definition of possible stabilization scenarios in a medium size tokamak, using the parameters of the PBX-M machine [27] , which were used in the framework of the Feedback Stabilisation Initiative [28] . The first goal of the analysis is the determination of the characteristics of a wave spectrum fulfilling the above mentioned localization requirements, which is performed by means of a toroidal ray tracing code. Then, the plasma response to the absorbed wave power is evaluated: this determines the time-scale of the stabilization. The characteristic time for the establishment of a kinetic steady state in the RF current drive process (buildup of an electron tail) is of the order of the collision time of the resonant electrons with ions [29] , i.e. for typical parameters, between one and a few milliseconds. This is just of the same order as typical periods of the island rotation, and therefore of the RF power modulation, which implies that a correct treatment of this phenomenon should be time dependent, and should include as an essential ingredient the induced electric field. Moreover, the radial diffusion of the RF driven current should be taken into account. No simple model exists to describe all these effects dynamically, thus the problem has been addressed by numerically solving the appropriate three dimensional (3-D) kinetic equation. Finally, the computed RF driven current profile has been inserted into the equation for the temporal evolution of the island width [10] , taking into account the island rotation, which yields the wave power and the time required for the island stabilization.
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Equilibrium modelling code
An equilibrium modelling code with an LH ray tracing package has been used to determine the conditions required to perform an experiment in a plasma with the following parameters: major radius, R 0 = 160 cm; magnetic field on-axis, B 0 = 1.4 T; minor radius, a = 45 cm; plasma current, I p = 660 kA; elongation, κ = 1.58; safety factor on-axis, q 0 = 1.14; triangularity, δ t = 0.67; q 95 = 3.65; β pol = 1.57. From the magnetic equilibrium, it is found that the surface q = 2 is located at ρ = √ ψ ≈ 0.8 (ψ being the normalized poloidal magnetic flux). At this position (denoted in the following as ρ s = ρ(q = 2)), an electron density n e (ρ s ) = 10 and T e (0) = 3.5 keV. These values result from transport simulations of a typical neutral beam heated PBX-M discharge. In order to determine which n spectrum to launch, the damping locations of individual values of n have been evaluated with the ray tracing package of the code: it is found that a spectrum with 5.0 ≤ n ≤ 5.5 is necessary for damping on the first pass at T e ≈ 1.4 keV. Such an n spectrum can be launched by an array of 32 waveguides, at the frequency of 4.6 GHz. In order to launch such a high n , without losing directivity, a dedicated coupler, made of narrow waveguides (0.3 cm× 6 cm), is needed. The poloidal projections of the ray trajectories are shown in Fig. 1 , for three rays with n = 5. where the rays are completely absorbed. It appears that the rays do not diverge significantly in the first part of the propagation, where they are damped. The fraction η of absorbed wave power is shown, for the three rays, in Fig. 2 , as a function of the poloidal angle along the propagation. This figure shows that the damping takes place in a localized poloidal region, much narrower than the poloidal extent of the island. The damping is also localized toroidally, since LH waves follow the field lines: from the ray tracing calculations, a spread of the damping region ∆ϕ ≈ 5
• is found. A Gaussian injected spectrum, peaked at n = 5.5, with half-width ∆n = 0.3, is now considered. The radial distribution of the absorbed RF power density associated with this spectrum, and corresponding to a total absorbed power P abs ≈ 300 kW, is shown in Fig. 3 . It is interesting to note that a moderate broadening of the launched spectrum (such as one launched by an array of 16 waveguides) does not result in a broader power deposition, but mainly in a shift of the damping towards lower electron temperature. This is because the higher content of large n in the spectrum requires lower T e for damping. The necessity of a high number of waveguides derives from their narrowness, which implies lower power per waveguide (this limitation is largely removed in a reactor, because of the high electron temperature). Some spread of the RF current is caused by radial diffusion of the fast electrons. Figure 4 (obtained by means of the 3-D Fokker-Planck code of Ref. [30] ) shows the RF current for different values of the diffusion coefficient D r . In the three cases shown, similar values of the total driven current are obtained, i.e. of the order of 60 kA, which corresponds to a current drive efficiency γ cd ≈ 0.03 × 10
As discussed in the following, the width of the driven current profile is a critical parameter for the stabilization process, and the success of the proposed method is necessarily related to the actual value of D r , which is not generally well known. Another source of spread of the RF current could derive from the finite poloidal size of the coupler: ray tracing calculations show that the trajectories diverge somewhat only after the first pass through the plasma (Fig. 1). 
Dynamic plasma response
The dynamic plasma response to the modulated RF power is now evaluated. The basic physical process is the following: as an asymmetric tail in the electron distribution function develops at some plasma location, an opposing electric field is locally induced (back-EMF), which keeps the current density profile constant. This occurs quickly (in a few milliseconds), and on such a short time-scale it is this induced electric field that provides the stabilizing term in Ohm's law. On a resistive time-scale, such a field diffuses away and the current density profile is locally modified. The resistive time τ R (e.g. >1 s for typical PBX-M parameters) is generally much longer than the power modulation period, and the short timescale phase, in which the current profile is constant and the induced electric field is large, is generally the most important one. However, note that modifications of the current over a radial extent of the order of the island width w may occur in a time of the order of τ R (w/a) 2 , which means that this timescale separation does not always apply. To correctly describe this phenomenon over all the possible timescales, the 3-D Fokker-Planck code of Ref. [30] has been coupled with the electric field diffusion equation, obtained by combining Faraday's and Ampère's equations. At each time step, the fully time dependent distribution function is computed, together with the self-consistent electric field. The code has been run for a power input modulated at a typical frequency of 1 kHz. The details of this dynamic model will be described elsewhere; the main result is that the potentially available current drive efficiency cannot be fully attained, since steady state of the electron tail would be reached in a few milliseconds only. Moreover, the finite switch-on time of the induced electric field combined with the island rotation makes it impossible to concentrate all the induced electric field at the island O point, even by optimizing the phasing between the power modulation and the island rotation. This generally results in a reduction of the stabilization efficiency in the case of co-phasing (i.e. phasing the maximum driven current at the island O point), as well as of the destabilization efficiency in the case of counter-phasing (i.e. phasing at the X point). The problem can be analysed by inserting the computed induced electric field E (ρ, t), or an equivalent J RF (ρ, t) = E /η (η being the resistivity), into the equation for the evolution of the island width w [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This has been accomplished by basically following the formalism of Ref. [10] , but neglecting neoclassical effects, and assuming that the current is peaked at a given angle α = θ − ϕ/q(ρ s ) on the resonant helical field lines, with a width ∆α = 35
• . This width results from the ray tracing calculations, assuming a poloidal extension of the wave coupler of the order of 20
• . Note that, in treating this problem, particular care has to be used in the evaluation of the vanishing island width limit, namely the case in which w ≤ ∆r, where ∆r is the half-width of the power deposition profile. This is the relevant case for typical RF current drive systems in present day machines.
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Island width evolution
The evolution of the width of an initially saturated island of normalized width w s /a = 0.2 is evaluated for a stability index ∆ = (10/a)(1 − w/w s ), typical of a fast growing m = 2 mode. Several cases are shown in Fig. 5 , for an RF drive current profile of normalized half-width ∆ρ ≈ 0.05, and a driven current of the order of 10% of the total current. The curves labelled 'O point' and 'X point' are computed neglecting the island rotation, and show the time-scales of stabilization and destabilization, respectively, in the ideal case in which the auxiliary current is a helical function, peaked at the O or X points. These curves display different stabilization efficiencies for interaction at the O and X points, as already found and discussed, for example, in Ref. [8] . More realistic cases are obtained by including the effect of island rotation at 1 kHz, as shown in Fig. 5 for optimized coand counter-phasing. It appears that now the X point phasing is hardly destabilizing and that stabilization is still obtained for the O point phasing, but after a longer time. This is a case close to the full stabilization threshold, namely the island is not completely suppressed, but its width oscillates at a low level. This minimum level is of the order of the power deposition half-width ∆ρ. Increasing the total driven current I RF does not offer the same advantages as reducing the width of the current channel, since it is found that the stabilization efficiency is proportional to I RF /(∆ρ) 2 . Since destabilization due to interaction at the X point is of poor efficiency, it is interesting to examine the case in which the same total current is unphased (i.e. non-modulated). This is also shown in Fig. 5 , which demonstrates that, when dynamic effects are taken into account, no great advantage is expected from the modulation. The effects of the driven current half-width ∆ρ and of the poor localization of the current maximum (ρ 0 ) with respect to the resonant surface (ρ s ) are illustrated by Fig. 6 , for the unphased case. It appears that the constraints on the current localization are stringent, but a substantial reduction of the island width is obtained even in unfavourable cases. Note that values of ∆ρ < 0.1 are marginally achievable in medium size tokamaks, but are realistically attainable in reactor-scale devices.
CONCLUSIONS
In conclusion, the possibility of using LH waves for tearing mode stabilization experiments in a medium size tokamak has been investigated, including in the analysis some important effects, such as radial diffusion of the non-inductive current, dynamic response of the current to RF power modulations and its interplay with the island rotation. Although the inclusion of those effects generally makes the stabilization more difficult with respect to previous estimates, it is found that the growth of the m = 2 modes can be controlled by a modest amount of wave power, even in moderate temperature plasmas, provided the condition of damping on the first pass is satisfied and the injected spectrum is sufficiently narrow. It is interesting to note that the use of non-modulated power yields results comparable to those of optimized cophasing. This choice would be obligatory for large island rotation frequencies ( 1 kHz), since in this case the finite back-EMF switch-on/switch-off time cannot follow the fast modulations.
The relevance of experiments aiming at control of the m = 2 mode with LHCD is obvious when we consider that such experiments would be much easier in a reactor: the much higher electron temperature in the vicinity of the mode and the much larger radius allow a far better efficiency and localization than in present tokamaks, without the need to use thin waveguides. A feedback control experiment with LHCD in present day machines would be of great value, in order to assess the method with a view to choosing the best option for application to a reactor. Of course, the compatibility of the required spectral flexibility with the engineering constraints of a reactor environment remains to be investigated.
